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Drought and salinity are two frequently combined abiotic stresses that affect plant growth,
development, and crop productivity. Sulfate, and molecules derived from this anion
such as glutathione, play important roles in the intrinsic responses of plants to such
abiotic stresses. Therefore, understanding how plants facing environmental constraints
re-equilibrate the ﬂux of sulfate between and within different tissues might uncover
perspectives for improving tolerance against abiotic stresses. In this review, we took
advantage of genomics and post-genomics resources available in Arabidopsis thaliana and
in the model legume species Medicago truncatula to highlight and compare the regulation
of sulfate transporter genes under drought and salt stress. We also discuss their possible
function in the plant’s response and adaptation to abiotic stresses and present prospects
about the potential beneﬁts of mycorrhizal associations, which by facilitating sulfate uptake
may assist plants to cope with abiotic stresses. Several transporters are highlighted in this
review that appear promising targets for improving sulfate transport capacities of crops
under ﬂuctuating environmental conditions.
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INTRODUCTION
Drought, the incidence of which is expected to increase with
climatic changes, is one of the major abiotic constraints on agri-
cultural productivity. Because drought is often associated with
salinity, one challenge for sustainable agriculture is to breed crops
for enhanced tolerance to both stresses. This requires an under-
standing of the adaptive mechanisms allowing plants to survive in
low-water and high-salt environments. Sulfur is a key component
in helping plants to cope with such abiotic stresses (for review,
see Chan et al., 2013). For example, sulfur is used for the synthe-
sis of glutathione, which acts in the maintenance of the cellular
redox balance and mitigates damage caused by reactive oxygen
species. Most of the sulfur taken up by plants is in the form of
sulfate, and several studies point to a role of this anion in the
plant response to drought and salinity in relation to the phyto-
hormone abscisic acid (ABA), a major regulator of leaf stomatal
conductance (Wilkinson and Davies, 2002). It was proposed that
sulfate acts as a primary signal to enhance the anti-transpirant
effect of ABA reaching the stomata in leaves (Ernst et al., 2010).
More recently, Cao et al. (2014) provided evidence for a signiﬁ-
cant co-regulation of sulfur and ABA metabolisms in Arabidopsis
that may help to combat environmental stresses. Such metabolic
adjustments undoubtedly rely on the plant’s ability to absorb and
distribute sulfate to the different organs in amounts sufﬁcient to
fulﬁll requirements.
Major advances have been made toward identifying and char-
acterizing the transporters involved in the uptake, distribution,
or efﬂux of sulfate from the vacuoles, especially in Arabidopsis
(Buchner et al., 2004 and references therein). The investigation of
the contribution of sulfate transporters (SULTR) to abiotic stress
tolerance has begun more recently. Cao et al. (2014) proposed a
role for SULTR3;1 in helping plants to cope with environmental
stresses by providing sulfate for the synthesis of cysteine that serves
as a sulfur donor during ABA biosynthesis. With the advances
made over the last decade in the integration of “omics” data, gene
expression atlases are now available for several species, giving
access to the regulation of any gene of interest in different con-
ditions. In this review, we took advantage of these resources to
highlight the regulation of SULTR genes in response to drought
and salinity. We focus on Arabidopsis and M. truncatula, the latter
being a wild legume species originating from the Mediterranean
basin that makes use of symbiotic associations to obtain nutrients
and that has evolved to develop a tolerance to extreme environ-
mental conditions including drought and salinity (Friesen et al.,
2010). After a search of the SULTR sequences in M. truncat-
ula and of their closest homologs in Arabidopsis, we discuss and
compare their regulation and possible contribution to protection
against unfavorable environmental conditions. We also highlight
the potential beneﬁt of using arbuscular mycorrhizal (AM) fungi
to improve sulfate uptake.
COMPARATIVE ANALYSIS OF SULTR GENE FAMILIES
BETWEEN Arabidopsis AND M. truncatula
Medicago truncatula is an annual forage species adopted in 2001
as a model for legumes because of its small genome, compared
to crop legumes such as pea, and its ability to perform symbiotic
interactions with nitrogen-ﬁxing rhizobia andAM fungi, likemost
legume species (Frugoli and Harris, 2001). The close relationship
of the M. truncatula genome with that of pea (Pisum sativum L.)
facilitates the transfer of information to the crop, and molecular
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FIGURE 1 | Phylogenetic tree of Medicago truncatula andArabidopsis
sulfate transporters.The Maximum likelihood phylogenetic tree was
generated using all SULTR amino acid sequences available in the
Arabidopsis and M. truncatula (Mt4.0v1) genomic resources. *, sequences
for which there was no corresponding probe in the Medicago Gene
Expression Atlas.
markers have been developed for translational genomics between
the two species (Bordat et al., 2011). M. truncatula is native to
the arid and semi-arid environments of the Mediterranean. It is
thus adapted to this climate, making it a good model to identify
adaptation processes to low-water or high-salt stresses. Genomic
resources were developed for this species that we used here to
retrieve SULTR genes (MtSULTR). Fourteen genes homologous
to the Arabidopsis SULTR genes (AtSULTR) were identiﬁed in the
last Medicago genome version 4.0v11. Phylogenetic analysis using
SULTR full length amino-acid sequences allowed us to re-annotate
the MtSULTRs and to reﬁne their phylogenetic relationship with
AtSULTRs (Figure 1). The corresponding neighbor-joining tree
divided into four clusters matching the four groups described
in Arabidopsis (Buchner et al., 2004), as previously observed by
Casieri et al. (2013). Three MtSULTRs clustered with the three
Arabidopsis transporters of high-afﬁnity belonging to group 1,
involved in sulfate uptake (SULTR1;1 and 1;2, Yoshimoto et al.,
2007; Barberon et al., 2008) or in its distribution to sink organs
(SULTR1;3, Yoshimoto et al., 2003). Three others MtSULTRs clus-
tered with the two Arabidopsis members of group 2 that deliver
sulfate to aerial parts and developing tissues (Takahashi et al.,
2000; Awazuhara et al., 2005). Group 3 is the largest group, with
seven members in M. truncatula compared to ﬁve in Arabidop-
sis. They play multiple roles, such as facilitating sulfate transport
to aerial parts or controlling cysteine level in seeds and seedlings
in tight interaction with ABA metabolism (Kataoka et al., 2004a;
Zuber et al., 2010; Cao et al., 2014). One member of this group,
1http://www.jcvi.org/medicago/
SULTR3;1, is responsible for sulfate transport into chloroplasts
(Cao et al., 2013). Within group 4, unlike Arabidopsis which con-
tains two SULTR4 genes, there was only one M. truncatula gene.
It encodes a protein with high homology to AtSULTR4;1 which
plays a major role in the efﬂux of sulfate from the vacuole lumen
to the cytosol (Kataoka et al., 2004b). This suggests a unique func-
tion for MtSULTR4;1 in remobilizing the stored sulfate. This
may apply to other species as there is only one transporter of
group 4 with high homology to AtSULTR4;1 in pea (RNAseq
data, Burstin J, personal communication) and rice (Kumar et al.,
2011).
The recent transcriptome analysis of M. truncatula subjected
to progressive drought (Zhang et al., 2014a) allowed us to inves-
tigate the transcriptional regulation of the MtSULTR gene family
in response to this abiotic stress and in comparison with a salt
stress response (Li et al., 2009). Data were downloaded from the
Gene Expression Atlas (MtGEA)2, and expression fold-change
between treated and non-treated samples was calculated (cutoff
of 2.0, Table 1). Expression of three of the 14 MtSULTR genes
(MtSULTR2;2b, MtSULTR3;3b, and MtSULTR3;4b, Figure 1)
could not be investigated as there was no corresponding probe
set in the Affymetrix chip used to build the MtGEA. To compare
SULTR gene regulation between M. truncatula and Arabidopsis,
we used transcriptomic data available in Arabidopsis for drought
and salt stress experiments (Kilian et al., 2007; Huang et al., 2008;
Perera et al., 2008; Nishiyama et al., 2012; Geng et al., 2013; Pandey
et al., 2013; Wang et al., 2013; Ha et al., 2014). The studies show-
ing the most substantial regulation of SULTR genes are included
in Table 1. Results are discussed in the light of functional data
available, mainly in Arabidopsis.
SULTR OF GROUP 3 ARE STRONGLY REGULATED BY ABIOTIC
STRESSES IN ROOTS
Of particular interest is the up-regulation of the SULTR3;1 gene
in roots of both species subjected to drought and salt stress.
Interestingly, the expression of AtSULTR3;1 is enhanced by ABA
and required for cysteine synthesis (Cao et al., 2014). Cysteine,
whose precursor is sulfate, plays a key role in ABA synthesis
as it serves as sulfur donor for the sulfuration of molybdenum,
a co-factor needed in its sulfurylated form for the last reac-
tion in the pathway (Xiong et al., 2001). The cysteine formed
may also serve for the synthesis of the stress-defense compound
glutathione. Cao et al. (2014) proposed that sulfur metabolism
and ABA biosynthesis interplay to ensure sufﬁcient cysteine for
ABA production under abiotic stresses. From these data and the
reported plastid-localization of AtSULTR3;1 (Cao et al., 2013),
it is tempting to speculate on a role for this transporter in
directing the ﬂux of sulfate toward cysteine biosynthesis in the
root plastids that may further be used for ABA production in
response to both abiotic stresses. In M. truncatula, SULTR3;1
has not been functionally characterized. However, the gene is
up-regulated in response to both abiotic stresses (Table 1) and
co-localizes with quantitative trait loci (QTL) regions for salt toler-
ance (Friesen et al., 2010; Arraouadi et al., 2012), as also observed
for AtSULTR3;1 (El-Soda et al., 2014; Zhang et al., 2014c). This
2http://mtgea.noble.org/v3/
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Table 1 | Regulation of SULTR gene expression in Medicago truncatula andArabidopsis subjected to drought and salt stress.
SULTR gene regulation from: (a) Zhang et al. (2014a): mild, moderate or severe water stress (corresponding to 7, 10, or 14 days of water withdrawal, respectively)
applied on 24 day-old M. truncatula plants. (b) Li et al. (2009): young seedlings (2 days) treated with 180 mM of NaCl for 6 h (early response) or 2 days (late reponse); (c)
Ha et al. (2014): aerial portions of 24 day-old plants detached and exposed to dehydration on paper towels for 4 h; (d) Pandey et al. (2013): 3 week-old plantlets grown
for 9 days on soil with a moisture level below 30%; (e) Kilian et al. (2007): 150 mM NaCl applied to Arabidopsis seedlings in vitro; (f) Wang et al. (2013): 10 day-old
seedlings grown for 4 days on a medium supplemented with 100 mM NaCl. For each MtSULTR gene, data for the correponding probeset ID (g) were downloaded
from the Medicago Gene Expression Atlas at http://mtgea.noble.org/v3/experiments. (h) Genbank accession number of the Arabidopis SULTR genes.The values refer
to gene expression fold change between treated and non-treated samples. Changes in gene expression of at least twofold are highlighted using a color scale; ns,
non-signiﬁcant change in gene expression in response to drought or salt stress.
makes MtSULTR3;1 a potential target for modulating the abiotic
stress response in legumes. In addition, MtSULTR3;1 expression
is higher at late stages of water stress, i.e., severe water stress in
Table 1, known to be associated with ABA biosynthesis in roots
(Goodger and Schachtman, 2010), suggesting that MtSULTR3;1
could be closely linked in its action with ABA production, as
is the case in Arabidopsis (Cao et al., 2014). Another gene of
group 3 (AtSULTR3;4, MtSULTR3;4a) is co-expressed in roots
with SULTR3;1 in response to drought in the two species and in
response to salt stress in Arabidopsis (Table 1). The reduced ABA
content in seedlings for the two mutants Atsultr3;1 and Atsultr3;4
suggests a role for both genes in relation to ABA production.
The subcellular localization of SULTR3;4 is unknown. Inves-
tigating spatial and subcellular localizations in roots for both
transporters might help to decipher whether they can have a
coordinated function or a functional redundancy in this tissue. It
should be noted that in contrast to Arabidopsis, MtSULTR3;1 and
MtSULTR3;4a are differentially regulated in response to salt stress
(onlyMtSULTR3;1 is up-regulated) and that a secondMtSULTR3;4
gene (MtSULTR3;4b, Figure 1) exists whose response to salt stress
is currently unknown.
In M. truncatula, the expression of another group 3 SULTR
(MtSULTR3;5) is strongly up-regulated in roots subjected to salt
stress (up to 78-fold; Table 1). Its closest Arabidopsis homolog,
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AtSULTR3;5, shows opposite trends of expression in roots with
a consistent down-regulation in response to salinity. This sug-
gests distinct roles or transcriptional regulation of SULTR3;5
between the two species. In the legume species Lotus japonicus,
the SULTR3;5 homolog SST1 (Symbiotic Sulfate Transporter 1)
is necessary for nodule formation and essential for the symbi-
otic supply of sulfur to the bacteria (Krusell et al., 2005). In this
connection, Varin et al. (2010) identiﬁed sulfur supply as neces-
sary for proper accumulation of nitrogenase and leghaemoglobin,
two proteins rich in sulfur amino acids and needed for nitrogen
ﬁxation. This highlights the importance of maintaining efﬁcient
sulfate transport systems in nodules to exploit the nitrogen-ﬁxing
capacity of legume plants in agroecological systems. MtSULTR3;5
is strongly expressed in nodules (Roux et al., 2014) and stud-
ies are ongoing to understand the function of MtSULTR3;5 in
nodules and to deciphering its contribution to the salt stress
response.
RE-EQUILIBRATION OF SULFATE FLUX IN AERIAL PARTS IN
RESPONSE TO ABIOTIC STRESSES
In contrast to the functional SST1 (Krusell et al., 2005),
AtSULTR3;5 is a non-functional transporter by itself (Kataoka
et al., 2004a). This transporter forms a complex with AtSULTR2;1,
thus enhancing its sulfate import activity into cells of root vascu-
lar tissues for loading into the xylem and transfer to aerial parts,
especially when sulfur availability is limited (Takahashi et al., 2000;
Kataoka et al., 2004a). The ﬂux of sulfur from roots to shoots is
in part controlled by microRNA(Mir)395, which limits expres-
sion of SULTR2;1 to xylem parenchyma, thus enhancing sulfate
translocation to aerial parts (Kawashima et al., 2011). Interest-
ingly, Mir395 is up-regulated in response to drought stress in rice
(Zhou et al., 2010) and under high salinity conditions in maize
(Zea mays L.; Ding et al., 2009), suggesting it participates in abi-
otic stress responses, presumably by maintaining the ﬂux of sulfur
toward aerial parts. In roots, the expression of AtSULTR2;1 is
not affected by salinity and drought, whereas that of AtSULTR3;5
decreased signiﬁcantly in response to salt stress (Table 1). Owing
to the co-activator function of AtSULTR3;5, this may slow the
allocation of sulfate to aerial parts. It is therefore possible that
Arabidopsis adjusts the level of sulfate in roots under salt stress
by modulating AtSULTR3;5 expression. This could be part of
the adaptive mechanisms used by Arabidopsis to load sulfate into
xylem vessels while ensuring that sufﬁcient sulfate remains in roots
when uptake is limited due to high salt concentrations in soils.
In M. truncatula, the SULTR2;1 gene is not signiﬁcantly regu-
lated in roots in response to salt stress, but down-regulated in
this tissue at early stages of water stress. The function of this
transporter has not been reported yet, but if we assume a simi-
lar role to its Arabidopsis homolog, the down-regulation observed
is likely to reﬂect a need to maintain sulfate in roots at these
stages.
A continued loading of sulfate into xylem vessels is of
paramount importance for maintaining the synthesis of sulfur
molecules in aerial parts. Moreover, sulfate from the xylemacts as a
chemical signal for ABA-dependent stomatal closure in leaves dur-
ing early stages of water stress when ABA biosynthesis is restricted
to leaves (Ernst et al., 2010). Several SULTR genes in Table 1
that are regulated in shoots or leaves are good candidates for
re-equilibrating the ﬂux of sulfate in aerial parts in response to
abiotic stresses. First, SULTR2;1 is signiﬁcantly down-regulated
in leaves of Arabidopsis and M. truncatula subjected to drought.
AtSULTR2;1 has been shown to be not only expressed in the xylem
parenchyma cells but also in the phloem cells of mature leaves,
where it participates in the translocation of sulfate to young leaves
(Takahashi et al., 2000). Hence, the down-regulation of SULTR2;1
suggests a decreased ﬂux of sulfate to young leaves, presumably
to save sulfate for protection mechanisms, such as those involving
ABA. Second, in M. truncatula subjected to drought, one SULTR3
gene, MtSULTR3;4, is signiﬁcantly up-regulated in aerial parts
and more strongly at early stages of water stress (mild and mod-
erate in Table 1). It would be of particular interest to investigate
whether this transporter could play a role in leaves in control-
ling their early response to water stress in strong connection with
ABA biosynthesis. In Arabidopsis, AtSULTR3;1 and 3;4 are both
signiﬁcantly up-regulated in leaves subjected to salt stress, rein-
forcing the hypothesis raised in the previous section that both
transporters could act in concert to mitigate the effect of salt
stress.
Interestingly, the expression of both vacuolar AtSULTR4 genes
is signiﬁcantly enhanced in leaves by drought and salinity. More-
over, AtSULTR4;1 and AtSULTR4;2 fall in QTL regions for
tolerance to both stresses (Juenger et al., 2005; McKay et al., 2008).
They are thus good candidates for multiple stress tolerance. The
only SULTR4 gene in M. truncatula is also up-regulated in shoots
in response to drought with a statistically signiﬁcant but lower
fold-change compared to Arabidopsis. Because in Arabidopsis, the
SULTR4 transporters were shown to enable themobilization of the
sulfate stored in the vacuoles, they may play a critical role in ensur-
ing sulfur metabolism in plant cells when sulfate uptake is limited
due to environmental constraints. Furthermore, efﬂux of sulfate
from the vacuole may contribute to osmotic adjustments that play
a fundamental role in water and salt stress responses. The role
of SULTR4 (Kataoka et al., 2004b) has been investigated in roots
but their involvement in shoots merits further investigations in
relation to abiotic stress tolerance.
REGULATION OF GENES INVOLVED IN SULFATE UPTAKE
UNDER ABIOTIC STRESS CONDITIONS
The capacity of roots to take up nutrients generally declines in
salt- and water-stressed plants, which may explain the changes
in expression of SULTR genes belonging to groups 2, 3, and 4
under these conditions to rebalance sulfate ﬂux between affected
tissues. By examining the regulation of the two SULTR1 genes
known to control sulfate uptake in Arabidopsis, we observed a
contrastedpattern for both genes (Table 1).MtSULTR1;1 appeared
down-regulated in roots subjected to both abiotic stresses, whereas
MtSULTR1;2 and AtSULTR1;2 were up-regulated in response to
salinity and drought, respectively. Barberon et al. (2008) demon-
strated that SULTR1;1 and SULTR1;2 display unequal functional
redundancy in Arabidopsis and left open the possibility for the
SULTR1;1 gene to display an additional function besides its
role in sulfate membrane transport. Recent ﬁndings also pro-
posed a supplementary role for AtSULTR1;2 in the regulatory or
sensing/signaling pathways related to sulfur metabolism (Zhang
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et al., 2014b). Further studies are needed to better understand
their additional function(s) and contribution to abiotic stress
responses.
AM FUNGI, A PROMISING PERSPECTIVE FOR IMPROVING
SULFATE UPTAKE IN FLUCTUATING ENVIRONMENTS?
The emerging role of sulfate in plant adaptation to abiotic stresses
reinforces the need to sustain proper sulfate uptake and use in
cultures that face environmental stresses. One speciﬁc feature
of legumes, compared to Arabidopsis, is their ability to perform
symbiotic interactions with AM fungi. This mutualistic associ-
ation is known to increase plant tolerance to drought (Augé,
2001), an abiotic stress limiting the absorption of ions, includ-
ing sulfate, by roots. Recent studies in M. truncatula revealed
that AM fungi improve sulfur nutrition in low-sulfate environ-
ments (Casieri et al., 2012; Sieh et al., 2013), probably through
their capacity to take up and translocate sulfate to the root (Gray
and Gerdemann, 1973; Rhodes and Gerdemann, 1978a,b; Allen
and Shachar-Hill, 2009). To date, there is no information avail-
able on the regulation of plant sulfate uptake or plant sulfate
transporter genes in the presence of AM fungi under drought
conditions. However, because drought is associated with reduced
sulfate availability, the SULTR genes up-regulated at low sul-
fate concentrations in roots colonized with AM fungi (Casieri
et al., 2012; Sieh et al., 2013) might help the plant partner to
survive in such environments. This is the case for MtSULTR1;1
and MtSULTR1;2, both up-regulated in roots of AM symbiotic
plants, especially at low sulfate concentrations (Casieri et al., 2012).
Recently, Giovannetti et al. (2014) demonstrated the induction
of the LjSULTR1;2 gene during the Lotus japonicus/Rhizophagus
irregularis mutualistic interaction, and the speciﬁc expression of
this transporter in arbuscule-containing cells, strongly suggest-
ing AM-speciﬁc sulfate transport. Investigating the regulation of
such genes during AM symbiosis in response to abiotic stresses
might help to decipher the roles played by these transporters in
ﬂuctuating environments.
CONCLUSION
Several SULTR genes regulated by drought and/or salinity were
highlighted in this review that may contribute to adjust sulfur
distribution in plants subjected to abiotic stresses. We discussed
their possible roles using information available in Arabidopsis,
for which considerable advances have been made in the last two
decades toward understanding SULTR functions, more recently
in response to salinity (Cao et al., 2014). SULTR genes simi-
larly regulated in Arabidopsis and M. truncatula are promising
targets for improving sulfate transport capacities under ﬂuc-
tuating environmental conditions. Among these are group 3
SULTR, also in the list of abiotic stress-responsive genes shared
between Arabidopsis and M. truncatula of Hyung et al. (2014).
Group 1 SULTR are other potential targets for enhancing sul-
fate uptake in ﬂuctuating environmental conditions. Members
of this group were found to be up-regulated by drought stress
and by AM fungi associations that increased signiﬁcantly the root
uptake of sulfate in low-sulfate environments, as it is the case
in drought conditions. Broad collections of ecotypes and TILL-
ING mutants are available in M. truncatula and in the pea crop
(Dalmais et al., 2008; Le Signor et al., 2009; Deulvot et al., 2010)
that can be used to study and conﬁrm SULTR genes as rele-
vant candidates for discovering favorable alleles for abiotic stress
tolerance.
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